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Abstract
The most widely used animal model of attention-deficit/hyperactivity disorder (ADHD) is the
spontaneously hypertensive rat (SHR/NCrl), which best represents the combined subtype (ADHD-
C). Recent evidence has revealed that a progenitor strain, the Wistar Kyoto from Charles River
Laboratories (WKY/NCrl), is useful as a model of the inattentive subtype (ADHD-PI) and the
Wistar Kyoto from Harlan Laboratories (WKY/NHsd) and the Sprague Dawley (SD) have been
suggested as controls. Dopamine (DA) dysfunction in the striatum (Str) and nucleus accumbens
core (NAc) is thought to play a significant role in the pathophysiology of ADHD but data obtained
with the SHR is equivocal. Using high-speed chronoamperometric recordings with carbon fiber
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microelectrodes, we found that the SHR/NCrl displayed decreased KCl-evoked DA release versus
the WKY/NCrl model of ADHD-PI in the dorsal Str. The WKY/NCrl and the WKY/NHsd control
did not differ from each other; however, the control SD released less DA than the WKY/NCrl
model of ADHD-PI in the dorsal Str and less than the control WKY/NHsd in the intermediate Str.
The SHR/NCrl had faster DA uptake in the ventral Str and NAc versus both control strains, while
the WKY/NCrl model of ADHD-PI exhibited faster DA uptake in the NAc versus the SD control.
These results suggest that increased surface expression of DA transporters may explain the more
rapid uptake of DA in the Str and NAc of these rodent models of ADHD.

Keywords
spontaneously hypertensive rat; Wistar Kyoto rat; attention-deficit/hyperactivity disorder
(ADHD); striatum; dopamine; dopamine uptake

1. Introduction
Attention-deficit/hyperactivity disorder (ADHD) is characterized by impulsivity,
hyperactivity, inattention and cognitive impairment. The DSM-IV-TR classifies ADHD into
3 subtypes: predominantly inattentive type (ADHD-PI), predominantly hyperactive-
impulsive type (ADHD-HI) and the most common subtype – combined (ADHD-C). The
seminal work of Terje Sagvolden (1945–2011) has pioneered the way for the spontaneously
hypertensive rat (SHR) to be used as a model of ADHD-C. Sagvolden and colleagues found
sustained attention deficits (Sagvolden 2000), motor impulsivity (Sagvolden et al. 1992;
Wultz and Sagvolden 1992), and hyperactivity (Knardahl and Sagvolden 1979; Sagvolden
2000) in the SHR. The SHR is the most widely utilized animal model of ADHD (Russell
2011; Sagvolden and Johansen 2011); however, criticism of this strain lies in using the
progenitor strain, the Wistar Kyoto (WKY), as a control (Alsop 2007). The NIH Animal
Genetic Resource stock of the WKY was obtained in 1971 as outbred animals from the
Kyoto School of Medicine in Japan. These animals were distributed to laboratories (i.e.
Harlan and Charles River) before the F20 generation, resulting in multiple strains of the
WKY (Sagvolden et al. 2009). Two commonly used WKY control strains, WKY/NCrl
(Charles River) and WKY/NHsd (Harlan), display wide genetic divergence (Sagvolden et al.
2008). When contacted, both laboratories specified that inbred animals were subjected to
single nucleotide polymorphism panels every quarter, thus the separate WKY strains should
remain genetically different. Current behavioral evidence points to the SHR/NCrl being the
most accurate animal model of ADHD-C (Russell 2011; Sagvolden et al. 2005) and the
WKY/NHsd serves as the most appropriate control strain. The WKY/NCrl strain is best
suited as a model of ADHD-PI because of its behavioral and neurochemical abnormalities
(Roessner et al. 2010; Sagvolden et al. 2008; Sagvolden et al. 2009). It has been suggested
that the outbred Sprague Dawley (SD) rat strain, used by some groups in the past, could be
used as an additional control (Drolet et al. 2002; Sagvolden et al. 2009). Taken together, the
SHR/NCrl and WKY/NCrl models of ADHD and their control strains, the inbred WKY/
NHsd and outbred SD, seem to be valuable translational animal models to assess the
neurobiological dysfunction associated with ADHD.

ADHD is thought to be caused by catecholamine dysfunction (Levy 1991; Solanto et al.
2001) in brain regions involved with attention and reward including the nucleus accumbens
(NA) (Podet et al. 2010; Russell 2000) and striatum (Str) (Krause et al. 2003). Prior studies
examining dopamine (DA) function in the SHR and WKY rat brains are equivocal and have
been shown to range from no differences (Ferguson et al. 2003; Versteeg et al. 1976) to
lower DA levels in the Str in vitro and in vivo in the SHR (Linthorst et al. 1991; Linthorst et
al. 1990). Furthermore, a recent microdialysis study comparing the SHR to the SD
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determined that the SHR has 78% higher basal efflux of DA in the Str (Heal et al. 2008).
Striatal uptake of DA in the SHR has been reported to be slower (Leo et al. 2003; Myers et
al. 1981) or not different (Li et al. 2007; Linthorst et al. 1990) versus the WKY, yet a higher
concentration of DA transporters (DAT) in the Str of the SHR was found (Roessner et al.
2010; Watanabe et al. 1997). Finally, it has been demonstrated that extracellular DA levels
in the NA are higher in the SHR compared to the WKY (Carboni et al. 2003). Thus, there
still remains controversy surrounding the regulation of DA release and uptake in the SHR.

One of the issues with the previously described studies is that the strains of the SHRs and
WKYs were not properly defined, as the importance of the lineage of these strains was not
yet understood. There might also be an issue with comparing these studies, as the techniques
used to study DA regulation ranged from in vitro superfusion of brain slices to in vivo
microdialysis. Microdialysis has been the dominant technique for in vivo measures in the
SHR; however, this methodology varies across studies, with differing sampling times, flow
rates, and probe sizes. Therefore, comparisons from prior studies can be compromised due
to a variety of experimental variables. Furthermore, it has been shown that the microdialysis
probes can cause extensive damage to the surrounding tissues (Clapp-Lilly et al. 1999;
Rutherford et al. 2007), which can greatly affect neurotransmitter function. Recently, it was
discovered that microdialysis probes significantly alter presynaptic dopaminergic dynamics
in the rodent striatum (Wang and Michael 2012). Because of this, specialized techniques
have been developed to evaluate DA dynamics in addition to microdialysis. These include
electrochemical techniques such as fast-scan cyclic voltammetry, constant potential
amperometry, and high-speed chronoamperometry (Lee et al. 2006; Littrell et al. 2012; Park
et al. 2011; Zhang et al. 2011). Fast-scan cyclic voltammetry allows for high chemical and
spatial resolution (Owesson-White et al. 2012; Robinson et al. 2003), but it has rarely been
used to map dopaminergic nerve terminal density profiles in discrete brain regions in vivo
(Chadchankar and Yavich 2011; Zhang et al. 2011). Also, this technique has rarely been
used in conjunction with local application of chemicals from micropipettes placed adjacent
to the microelectrodes in order to map the density of DA uptake and release from nerve
terminals in a given brain area (Bergstrom et al. 2011; Howard et al. 2011; Owesson-White
et al. 2012; Park et al. 2011; Sugam et al. 2012; Wang and Michael 2012). Constant
potential amperometry has exceptional temporal and spatial resolution but is incapable of
identifying the predominant contributors to the electrochemical response as with both fast-
scan cyclic voltammetry and high-speed chronoamperometry (Lee et al. 2006; Schonfuss et
al. 2001). Thus, researchers have begun to employ the power of high-speed
chronoamperometry combined with local application of drugs from micropipettes to map the
in vivo dynamics of release and uptake of dopamine in multiple sub-regions within specific
brain regions, such as the striatum and nucleus accumbens (Littrell et al. 2012; Womersley
et al. 2011).

In this study, the use of carbon fiber microelectrodes coupled to pressure-ejection of drugs
allowed for the sub-regional mapping of DA nerve terminal properties with rapid temporal
and spatial resolution. This technique allowed for better in vivo characterization of DA
signaling closer to the synapse than with other techniques (Joyce et al. 2007; Littrell et al.
2012). In the present study, the information concerning the best control animals for the SHR
and WKY models of ADHD was used to study DA release and uptake in sub-regions within
the striatum and nucleus accumbens to better understand dopamine signaling and its
regulation in animal models of ADHD-C and ADHD-PI.
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2. Materials and methods
2.1 Animal Preparation for Acute Electrochemical Recordings

Male, 8–10 weeks old, spontaneously hypertensive rats (SHR/NCrl, average 225 g, average
PND 60), Wistar Kyoto rats (WKY/NCrl, average 210 g, average PND 61), and Sprague
Dawley rats (SD/NCrl, average 289 g, average PND 69) were obtained from Charles River
Laboratories (NCrl), Wilmington, Massachusetts. A second group of Wistar Kyoto rats
(WKY/NHsd, average 202 g, average PND 62) was obtained from Harlan Laboratories
(NHsd), Indianapolis, Indiana. Animals were given access to food and water ad libitum and
housed in a 12 hour light/dark cycle. Rats were anesthetized intraperitonealy (i.p.) using a
25% urethane solution (1.25 g/kg) and placed in a stereotaxic frame (David Kopf
Instruments, Tujunga, California). A circulating heating pad (Gaymar Industries, Inc.,
Orchard Park, New York) was used to maintain body temperature. The skull overlying the
striatum was removed bilaterally for recordings in the striatum (Str, AP +1.0, ML ±2.5, DV
−4.0 to −6.5 in 0.5 mm increments) and the nucleus accumbens core (NAc, AP +1.0, ML
±2.5, DV −7.0 to −7.5 in 0.5 mm increments) – see Figure 1A (Paxinos and Watson 2009).
A small hole remote from the site of surgery was drilled for placement of the miniature Ag/
AgCl reference electrode. Protocols for animal use were approved by the Institutional
Animal Care and Use Committee, which is Association for Assessment and Accreditation of
Laboratory Animal Care International approved. All procedures were carried out in
accordance with the National Institutes of Health Guide for Care and Use of Laboratory
Animals and all efforts were made to minimize animal suffering and to reduce the number of
animals used.

2.2 High-Speed Chronoamperometric Recordings of DA Release and Uptake
High-speed chronoamperometric measurements (1 Hz sampling rate, 200 ms total) were
performed using the FAST16mkII recording system (Fast Analytical Sensing Technology,
Quanteon, LLC, Nicholasville, Kentucky) as described previously (Gerhardt and Hoffman
2001; Littrell et al. 2012). Single carbon fiber electrodes (SF1A; 30 μm outer diameter ×
150 μm length; Quanteon, LLC, Nicholasville, Kentucky) were coated with Nafion® (5%
solution, 1–3 coats at 180°C, Aldrich Chemical Co., Milwaukee, Wisconsin) prior to an in
vitro calibration used to determine selectivity, limit of detection, and slope before use in
vivo (Gerhardt and Hoffman 2001). The average selectivity for all microelectrodes used in
these experiments was 1877 ± 664 μM for DA vs. ascorbic acid. The average limit of
detection for the measurement of DA was 0.028 ± 0.008 μM (S/N of 3). The average slope
for the electrodes was −0.492 ± 0.111 nA/μM DA. The average red/ox ratio measured
during the peak response of the potassium-evoked DA signals was 0.51 ± 0.11, which is
indicative of the detection of predominantly DA (Gerhardt and Hoffman 2001; Joyce et al.
2007; Littrell et al. 2012). Finally, miniature Ag/AgCl reference electrodes were prepared as
previously described (Littrell et al. 2012).

2.3 In Vivo Experimental Protocol
The carbon fiber microelectrode was affixed to a micropipette (10 μm inner diameter) which
was positioned approximately 200 μm from the carbon fiber electrode tip using sticky wax
(Kerr USA, Romulus, Michigan). The micropipette was filled with filtered isotonic KCl
(120 mM KCl, 29 mM NaCl, 2.5 mM CaCl2·2H2O) solution (pH 7.2–7.4) using a 4 inch
filling needle (Cadence Inc., Staunton, Virginia) and a 5 ml syringe. Experiments were
initiated with the insertion of the micropipette/microelectrode assembly into a
stereotactically selected region of the left or right hemisphere’s Str. The system was allowed
to reach a stable baseline dorsal to the first recording site. The micropipette/microelectrode
assembly was then lowered to the target recording depth where the signal was again allowed
to stabilize for an average of 5 minutes before the effect of a single local application of KCl
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on DA release was determined (Joyce et al. 2007; Lundblad et al. 2009; Morris et al. 2011;
Nevalainen et al. 2011; Thomas et al. 2007). The potassium solution was locally applied by
pressure ejection (5–25 psi for 0.5 seconds). A single application of a set volume of KCl
(75–125 nl) was delivered to each sub-region and was measured by determining the amount
of fluid ejected from the micropipette using a dissection microscope fitted with an eyepiece
reticule that was calibrated so that 1 mm of movement was equivalent to 25 nl of fluid
ejected (Cass et al. 1992; Friedemann and Gerhardt 1992). If the volume was determined to
be greater than or less than 75–125 nl, then that data point was excluded.

After the KCl studies, the micropipette/microelectrode assembly was filled with filtered
isotonic 200 μM DA solution containing 100 μM ascorbic acid (an anti-oxidant) in 0.9%
saline (pH 7.2–7.4). The micropipette/microelectrode assembly was then inserted
stereotactically into the contralateral Str. Again, once a stable baseline was achieved in a
location dorsal to the first recording site, the micropipette/microelectrode assembly was
lowered to the target recording depth where the signal was again allowed to stabilize for an
average of 5 minutes before the DA solution was locally applied by pressure ejection (10–30
psi for 0.5–10 s) to achieve a maximum amplitude ranging from 0.5 to 1.0 μM DA (Littrell
et al. 2012). The maximum concentration of the DA in the extracellular space was measured
by subtracting the apex of the recorded peak from the baseline recorded prior to the ejection.
If the peak amplitude was greater than or less than 0.5 to 1.0 μM DA, then that data point
was excluded.

2.4 Materials
Urethane, dopamine, ascorbic acid, sodium chloride, potassium chloride, calcium chloride
and Nafion® were obtained from Sigma (St. Louis, MO). Carbon fiber microelectrodes
(SF1A’s) were fabricated by the Center for Microelectrode Technology.

2.5 Histology
Brains were removed and processed (frozen) for histological evaluation of microelectrode
recording tracks. Only data from histologically confirmed placement of microelectrodes into
the Str and NAc were used for final data analysis. Based on histological analyses, no
animals were excluded due to microelectrode placement errors (see Figure 1A).

2.6 Data Analyses
Collected data were processed using a custom Matlab®-based analysis package. For the
potassium-evoked DA release portion of the study, maximum amplitude of the evoked DA
peak was used as the major analysis parameter, with the volume of a single ejection of the
KCl and the red/ox ratio – used to confirm the detection of DA by the Nafion®-coated
microelectrodes – represented in Table 1. The volume of KCl applied was kept constant
across depths and strains (75–125 nl). For DA uptake studies, the primary parameters used
were the time to 80% decay of the DA signal (T80) and the first order rate constant of the
signal (k−1), as well as the amount of time it took to reach the peak amplitude (Trise) – see
Table 2. DA signals were amplitude matched (ranging from 0.5 to 1.0 μM DA) to ensure
accurate measurement of DA uptake kinetics (Littrell et al. 2012). All data were averaged to
one point per sub-region of the Str (dorsal, intermediate, and ventral) and the NAc – see
Figure 1A. For a graphic representation of all parameters, see Figure 1B. Outliers were
excluded via the Grubb’s test before averaging if the conditions for homogeneity of variance
were met. To compare KCl-evoked DA release in the separate ADHD models to the control
strains, as well as DA uptake, two-way repeated measures ANOVAs followed by Bonferroni
post-hoc comparisons were used. Significance was set at p<0.05 (GraphPad Prism 5.0).
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3. Results
3.1 Evoked Dopamine Release

High-speed chronoamperometry coupled with carbon fiber microelectrodes was used to
evaluate KCl-evoked DA release because of its capability to record DA release within sub-
regions of the Str and the NAc (Littrell et al. 2012) using a local application of 75–125 nl
KCl applied in 500 μm increments along the dorso-ventral axis. A two-way repeated
measures ANOVA revealed a significant effect of depth (F3,27=33.03, p<0.0001) and
interaction between strain and depth (F9,81=2.04, p<0.05) in the peak amplitude of KCl-
evoked DA release. Bonferroni post-hoc comparisons revealed that the SHR model of
ADHD-C (n=8) displayed significantly decreased KCl-evoked DA release versus the WKY
model of ADHD-PI (n=8) in the dorsal Str (Figure 2A, 2B: p<0.01). Differences in KCl-
evoked DA release were also observed between the control SD (n=7) and WKY model of
ADHD-PI in the dorsal Str (Figure 2A, 2B: p<0.01), and the control SD and control WKY
(n=8) strains in the intermediate region of the Str (Figure 2A, 2C: p<0.05). There were no
significant differences in volumes applied between strains. In addition, there were no
significant differences in the red/ox ratios (usually 0.4–0.6) throughout the Str and NAc in
all strains, supporting the detection of predominantly DA in all sub-regions (Gerhardt and
Hoffman 2001; Joyce et al. 2007; Littrell et al. 2012) – see Table 1. It should be noted that
the amplitudes of the KCl-evoked signals decreased as the electrode moved ventrally in all
strains, consistent with previous reports that the ventral Str has reduced vesicular-released
concentrations of DA when compared to the dorsal Str (Gerhardt et al. 1986).

3.2 Dopamine Uptake
Local applications of exogenous DA were applied in the separate strains to study the
functional properties of the dopamine transporter (Littrell et al. 2012). A two-way repeated
measures ANOVA revealed a significant effect of depth (F3,30=7.49, p<0.001), strain
(F3,30=3.93, p<0.05), and interaction between strain and depth (F9,90=3.16, p<0.01) in the
length of time required to clear 80% of the locally applied exogenous DA (or T80).
Bonferroni post-hoc comparisons revealed that the SHR model of ADHD-C (n=9) displayed
significantly faster DA uptake in the ventral Str versus both the control WKY (n=8)
(p<0.05) and control SD strains (Figures 3A, 3B: p<0.01). The SHR model of ADHD-C also
displayed significantly faster uptake in the NAc versus both the control WKY (p<0.01) and
control SD (Figure 3A, 3C: p<0.001). The WKY model of ADHD-PI was found to exhibit
significantly faster DA uptake in the NAc versus the control SD (Figure 3A, 3C: p<0.001).
In the control strains, the time to clear the locally applied exogenous DA was slower in the
NAc when compared to the dorsal Str, supporting previous data that in the rodent, the NAc
has lower concentrations of the dopamine transporter and therefore slower DA uptake rates
(Calipari et al. 2012; Cass et al. 1993a; Cass et al. 1992; Cass et al. 1993b; Hebert et al.
1999; Mitch Taylor et al. 2012; Moquin and Michael 2011). Interestingly, the rodent models
of ADHD did not display a dorsal-ventral change in dopamine uptake. There were no
differences between the maximum amplitude achieved nor were there any differences in the
k−1 values. Finally, there were no differences in the time required to reach peak amplitude
(Trise) between the models of ADHD and control strains – see Table 2.

4. Discussion
The SHR has been used for decades as a model of ADHD because of its various behavioral
phenotypes that mimic the symptoms of ADHD. Its progenitor strain, the WKY, has been
used as a control for the SHR in the past with no regard for where the strain originated.
Recent evaluations of this control strain have revealed that not all WKY strains are identical,
genetically or behaviorally. The NIH stock of the WKY strain was obtained in 1971 as
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outbred animals from the Kyoto School of Medicine. These animals were distributed to
laboratories such as Harlan and Charles River before the F20 generation, which is
considered to be the gold standard in obtaining a pure inbred animal (Sagvolden et al. 2009).
It has recently been shown that two commonly used WKY strains, the WKY/NCrl from
Charles River Laboratories and the WKY/NHsd from Harlan Laboratories, display wide
genetic divergence (Sagvolden et al. 2008). When Harlan and Charles River Laboratories
were contacted, both specified that all of their inbred animals, both at the USA and
international laboratories, were subjected to single nucleotide polymorphism panels every
quarter, thus these strains from the different laboratories will remain genetically separate.
Although no behavioral data were gathered in this study, multiple studies have concluded
that the WKY/NCrl from Charles River is not a valid control for the SHR due to its
behavioral abnormalities (i.e. inattention) and is more appropriate as a model of ADHD
inattentive type (Drolet et al. 2002; Roessner et al. 2010; Sagvolden et al. 2008; Sagvolden
and Johansen 2011; Sagvolden et al. 2009). Terje Sagvolden (1945–2011), a leading
researcher in the SHR/ADHD field, proposed this change and concluded that the most
appropriate models of ADHD are the SHR/NCrl (ADHD-C) and the WKY/NCrl (ADHD-
PI) (Roessner et al. 2010; Sagvolden et al. 2009). As for the most suitable control strain,
Sagvolden and colleagues determined that the inbred WKY/NHsd strain from Harlan
Laboratories, not the outbred Sprague Dawley (SD) (Sagvolden and Johansen 2011;
Sagvolden et al. 2009), was the best fit control for the models of ADHD. However, the
outbred SD strain from Charles River (SD/NCrl) was tested in this study as a potential
control because some researchers have supported it as a way around the WKY control strain
confusion (Drolet et al. 2002). Although the present study does not discount the many
behavioral studies that have used the outbred SD as a control for the SHR, it does suggest
that studies looking at neurochemical differences in ADHD should focus on the inbred
WKY due to a difference observed in the evoked DA release parameter in the intermediate
Str between these control strains. Based on this difference in DA regulation, this study
proposes that the inbred SHR progenitor strain, the WKY/NHsd, is the most appropriate
control for neurochemical investigations in the SHR.

A major purpose of this research was to help resolve the confusion over DA regulation in
the SHR model of ADHD-C compared to the novel WKY model of ADHD-PI and the
control strains by exploring DA release and uptake dynamics. The current experiments were
performed using high-speed chronoamperometry coupled with Nafion®-coated carbon fiber
microelectrodes. This technique has higher spatial and temporal resolution, decreased
damage to surrounding tissue and samples a much smaller field of DA nerve terminals along
the dorso-ventral axis compared to most techniques used in the past (e.g. in vivo
microdialysis) (Joyce et al. 2007; Littrell et al. 2012). The reported neurochemical studies in
the SHR prior to 2008 were unable to distinguish between sub-regions along the dorso-
ventral axis in the Str due to the size of the microdialysis probes; however, the technology
used in this study was able to provide a higher resolution representation of the DA dynamics
within the heterogeneous Str (Gerfen et al. 1987a; Gerfen et al. 1987b; Lindvall and
Bjorklund 1974; Veening et al. 1982).

To determine differences in DA release, a single local ejection of a set volume of potassium
chloride was used to cause calcium-dependent vesicular release of DA. The results of this
study reveal that the SHR model of ADHD-C exhibits decreased depolarization-evoked DA
release in the dorsal Str versus the WKY model of ADHD-PI. This decrease in DA release
could be due to a decrease in stored vesicular DA (Russell et al. 1998) because of a potential
dysfunction of monoamine oxidase-B (MAO-B), an enzyme that catalyzes the oxidation of
DA in DA-producing neurons. It was recently found that an MAO-B inhibitor, deprenyl,
significantly improved ADHD symptoms (Feigin et al. 1996; Jankovic 1993; Mohammadi et
al. 2004; Rubinstein et al. 2006). Moreover, it is possible that the vesicular monoamine
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transporter (VMAT) may be dysfunctional and as a result, DA may not be efficiently
transported into the vesicles. It has been found that a common ADHD treatment, d-
amphetamine, causes increased VMAT trafficking to the vesicular membrane within
monoaminergic nerve terminals ex vivo (Riddle et al. 2007), thus supporting a possible role
for VMAT dysfunction in ADHD.

Previous investigations have implicated the dopamine transporter (DAT) in the DA
dysfunction of the SHR model of ADHD-C – see Table 3 (Leo et al. 2003; Roessner et al.
2010; Simchon et al. 2010; Viggiano et al. 2004; Watanabe et al. 1997). In the SHR brain,
there have been reports of increased DAT expression (Roessner et al. 2010; Watanabe et al.
1997) and one likely explanation for the decreased DA release observed in the dorsal Str is
over-abundance or over-activity of DAT. It has been shown that clearance of DA is
primarily performed by DAT rather than metabolism or diffusion of DA (Cass et al. 1993b).
In this study, potassium stimulation in the dorsal Str of the SHR produced a significantly
smaller signal amplitude than in the WKY model of ADHD, suggesting that the DA was
likely cleared through uptake by DAT before it reached our microelectrode. To the best of
our knowledge, no study has been able to quantify levels of DAT in specific striatal sub-
regions on the dorso-ventral axis; however, the ratio of DA to DAT to DA receptors is
similar in the naïve rodent Str and NAc (Madras et al. 2005), supporting that DAT is the
major regulator of DA neuron signaling strength and duration. However, when DA uptake
was examined in the dorsal Str sub-region by locally applying exogenous DA, no
differences in DA uptake were observed between these strains. It is worth noting that DA
uptake was not studied directly after the local application of KCl because KCl stimulation
allows for the direct examination of the release capacity output of the surrounding terminals.
If the uptake dynamics of these signals were studied, changes in uptake may not be seen due
to the overwhelming concentrations, or ‘ceiling effect,’ of the neurotransmitter and this
effect would mask DAT productivity. In order to fully study DA regulation in these strains,
exogenously applied DA was used to examine uptake dynamics. While no differences in
uptake were found in the dorsal Str, it is possible that exogenously applied DA may not be
as efficiently removed by DAT as the DA released inside the synapse. In addition, KCl
depolarizes the DA nerve terminal membrane causing synaptic release of DA, creating the
possibility that the action potential could potentiate some of the differences observed in DA
uptake. The DAT is known to be electrogenic and depolarization causes the DAT to exist in
a different state than the basal state (El Ayadi et al. 2001; Hoffman et al. 1999; Kandasamy
2000; Reith et al. 1991; Zahniser et al. 1998). By testing with local applications of DA rather
than by using depolarization alone, the current study was able to prevent the activation of
DAT to fully focus on the uptake capability of the protein, which showed no differences in
the SHR versus the other strains in the dorsal Str. While this KCl-evoked difference was not
observed in the other striatal sub-regions in our study, DAT location is not homogenous
throughout the Str (Hebert et al. 1999) and the possibility exists that when the KCl-evoked
DA is released from the nerve terminals in the dorsal Str of the SHR model of ADHD-C, the
DAT is the primary mechanism to clear the released DA.

Interestingly, in the ventral striatum and nucleus accumbens core (NAc), it was discovered
that the SHR model of ADHD-C demonstrated faster DA uptake compared to both of the
control strains, both of which are areas highly implicated in impulsive ADHD behaviors
(Basar et al. 2010). These results may provide neurochemical evidence for this ADHD-like
behavior observed in the SHR (Johansen and Sagvolden 2004; Russell 2011; Sagvolden
2000; Sagvolden et al. 1992; Wultz and Sagvolden 1992). As mentioned previously,
clearance of DA is primarily performed by DAT rather than metabolism or diffusion (Cass
et al. 1993b). Therefore, it is reasonable to assume that the faster uptake observed in the
rodent model of ADHD-C is due to differences in DAT expression, activity, and/or affinity
for dopamine. Michaelis-Menten kinetics dictates that two variables affect an enzyme’s
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productivity, affinity and velocity. The k−1 parameter (the first-order rate constant) is a
measure of velocity and remained unchanged in all strains. This suggests that the affinity of
DAT for DA is increased in the ventral Str and NAc of the rodent model of ADHD-C.
Increased affinity of DAT for DA could be due to increased concentrations of the DAT at
the synaptic membrane resulting from increased DAT trafficking, which, to our knowledge,
has not been investigated in specific striatal sub-regions. Because the SHR has been found to
possess increased DAT expression (Roessner et al. 2010; Wallis 2010; Watanabe et al.
1997), the results from this study suggest that increased DAT expression is coupled to
increased DAT function at a synaptic level. No strain differences were observed in
depolarization-evoked DA release in the NAc; however, the faster DA uptake when
exogenous DA was applied supports that the DA is cleared by an amplified number of DATs
or enhanced DAT activity. Future studies should focus on quantifying the levels of DAT in
the separate striatal sub-regions to obtain more precise evidence of the role of DAT in the
rodent models of ADHD.

Finally, in the dorsal Str, the WKY model of ADHD-PI displayed increased evoked DA
release as well as faster DA uptake in the NAc when compared to the control SD strain.
These findings are in agreement with a previous study which showed that behavioral activity
in running wheels was negatively correlated with in vitro K+-stimulated DA release in rat
NAc and dorsal Str but not in the shell division of the NA (Tarr et al. 2004).

The present study uses a neurochemical technique to complement the established behavioral
evidence indicating that the SHR/NCrl is a useful rodent model of ADHD-C. The decreased
KCl-evoked DA release observed in the dorsal sub-region of the Str may aid in the
explanation of why the SHRs express some behavioral aspects of ADHD, as the dorsal Str
of the rat is akin to the human putamen (Grahn et al. 2008) and is believed to play a role in
motor activity (Grahn et al. 2008). The results from this study reveal that the hyperactive
SHR has DA dysfunction in this region compared to the less active WKY/NCrl. The
findings of DA dysfunction in the ventral Str and NAc of the SHR is consistent with the
understanding that the more ventral Str is associated with impulsive behaviors (Basar et al.
2010). Finally, the NAc may play a role in the inattention observed in individuals with
ADHD (Volkow et al. 2009; Volkow et al. 2011) and the differences in DA uptake between
the SHR/NCrl and WKY/NCrl models of ADHD and the control strains provide preliminary
neurochemical evidence for the inattentive behavior observed in these strains; however,
more evidence is needed to confirm the speculation that DAT is altered in discrete sub-
regions of the Str and NAc in the SHR/NCrl and WKY/NCrl.

In conclusion, the results from this study demonstrate that the SHR/NCrl model of ADHD-C
and the WKY/NCrl model of ADHD-PI have distinct differences in the regulation of DA
release and uptake in the Str and NAc compared to each other as well as compared to the
WKY and SD control strains. The results from this study further reveal that the SD strain
may not be a useful control when investigating neurochemical changes in the rodent models
of ADHD. However, because of increasing evidence that ADHD is not limited to purely DA
dysfunction, it will be valuable to study other neurotransmitter systems in the future, such as
norepinephrine and glutamate (Heal et al. 2008; Kotecha et al. 2002; Madras et al. 2005;
Russell 2001; 2002), and how they relate to the SHR and WKY rodent models of ADHD.
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Highlights

• Differences in dopamine release exist between ADHD models in dorsal
striatum.

• Dopamine uptake differences between ADHD-C model and controls in ventral
striatum.

• Dopamine uptake differences between ADHD models and controls in nucleus
accumbens.
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Figure 1.
Experimental methodology. A) Carbon fiber microelectrode placement within the rodent Str
and NAc. The diagram on the right shows the approximate location of the tip of the carbon
fiber microelectrode, and the left side shows the actual carbon fiber track (highlighted with
the black box) from a 20 μm slice stained with cresyl violet. The carbon fiber
microelectrode was lowered in 500 μm increments in both hemispheres (one hemisphere for
KCl recordings and one for DA) and the average of these recordings was used to give one
data point per sub-region. ac, anterior commissure. B) In Vivo Parameters. The arrow on the
x axis indicates the time point of local application of KCl or DA. The KCl parameters used
were the maximum amplitude of evoked DA release, represented by the purple dashed lines,
and the ratio of the reduction/oxidation current (solid black line divided by the solid grey
line). DA parameters included the time it took to clear 80% of the exogenous DA in
reference to the maximum amplitude (T80), the curve fit based on first order fitting of the
signal decay (k−1), and the amount of time it took to reach the peak amplitude (Trise), which
are all represented by the orange dashed lines.
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Figure 2.
Decreased KCl-evoked DA release in the SHR model of ADHD-C. A) The model of
ADHD-C demonstrated significantly decreased KCl-evoked DA release versus the model of
ADHD-PI in the dorsal Str (**p<0.01). The control SD also displayed decreased KCl-
evoked DA versus the model of ADHD-PI in the dorsal Str (‡‡p<0.01). In the intermediate
Str, it was observed that the control WKY displayed significantly increased KCl-evoked DA
release versus the control SD strain (§p<0.05). Mean ± SEM. B) Representative tracing of
the difference in KCl-evoked DA release in the dorsal Str between the model of ADHD-C,
the model of ADHD-PI, and the control SD. C) Representative tracing of the difference in
KCl-evoked DA release in the intermediate Str between the control SD and control WKY
strains. Arrows indicate local application of KCl.
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Figure 3.
DA uptake in the SHR model of ADHD-C, WKY model of ADHD-PI and control strains.
A) A DA uptake depth profile through the Str and NA core revealed that B) in the ventral
Str, the model of ADHD-C displayed faster DA uptake versus both the control SD
(xxp<0.01) and the control WKY (†p<0.05). C) In the NAc, the model of ADHD-C exhibited
faster DA uptake versus the control SD (xxxp<0.001) and the control WKY (††p<0.01). The
model of ADHD-PI displayed faster DA uptake versus the control SD (‡‡‡p<0.001) in the
NAc. Arrows indicate local applications of DA. Mean ± SEM.
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Table 3

Dopamine Transporter Function in the SHR.

DAT Function Study

↑ Current

↑ Roessner, Sagvolden et al. 2010

↑ Watanabe, Fujita et al. 1997

= Li, Lu et al. 2007

= Linthorst, Van den Buuse et al. 1990

↓ Leo, Sorrentino et al. 2003

Present and past data on dopamine transporter function in the SHR model of ADHD reveal conflicting results versus control, likely due to unknown
strains and variable techniques.
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